We present results from Chandra observations of the cluster lens SDSS J1029+2623 at z l = 0.58, which is a gravitationally lensed quasar with the largest known image separation. We clearly detect X-ray emission both from the lensing cluster and the three lensed quasar images. The cluster has an X-ray temperature of kT = 8.1
Introduction
The gravitational lens SDSS J1029+2623 consists of three images of a z s = 2.197 quasar produced by a foreground cluster at z l ≈ 0.58 Oguri et al. 2008) . With a maximum image separation of 22.
′′ 5, this is the largest lens among ∼ 130 gravitationally lensed quasars known to date. The lensing interpretation is secure from multiple observational facts, including the remarkably similar optical spectra with mini broad absorption line (BAL) features in their emission lines, similar radio loudnesses (Kratzer et al. 2011) , and the identification of the lensing cluster in the optical and with weak lensing (Oguri et al. 2012) . Furthermore, this lens system represents a rare example of a naked cusp lens. In this configuration, only three images with similar brightnesses are produced on the same side of the lens potential, which is very rare among galaxy-scale quasar lenses (e.g., Lewis et al. 2002) but has been predicted to be fairly common among cluster-scale lenses (Oguri & Keeton 2004; Li et al. 2007; Minor & Kaplinghat 2008) .
SDSS J1029+2623 is one of two examples of large-separation quasar lenses produced by massive clusters of galaxies. The other large-separation lens is SDSS J1004+4112 (Inada et al. 2003; Oguri et al. 2004; Sharon et al. 2005; Inada et al. 2005) , which consists of five lensed images of a quasar at z = 1.734 and a lensing cluster at z = 0.68. In fact, these clusters can be regarded as unique examples of strong-lens-selected clusters in the sense that they have been identified by searching for strong lenses in a large sample of quasars. In particular, the uniqueness of the selection of these lenses begs the questions of (1) do the strong-lens-selected clusters follow empirical scaling relations derived from optical/X-ray selected clusters? and (2) what is the dynamical state of these clusters?
Chandra and XMM-Newton observations of the other large-separation quasar lens, SDSS J1004+4112, have shown that the lensing cluster is relaxed, with the X-ray temperature and luminosity being consistent with the predictions of empirical scaling relations within the observed scatter (Ota et al. 2006b; Lamer et al. 2006 ). This interpretation is also supported by the recent comparison of the X-ray measurements with detailed strong lens models (Oguri 2010) . There is excellent agreement on the centroids and position angles between the inferred dark matter distribution, the X-ray surface brightness, and the brightest cluster galaxy. On the other hand, the available observational data suggest that the lensing cluster of SDSS J1029+2623 may be complicated. For instance, the existence of two bright elliptical galaxies at the center with a large velocity difference (∼ 2800 km s −1 ) between them indicates a possible merger, although it can also be a chance projection of different halos along the line-of-sight. It may be that there is a possible elongation of the mass distribution along line-of-sight, which can be tested by comparing X-ray and lensing-derived masses.
In addition to the properties of the lensing cluster, the high-resolution Chandra observations provide an additional probe of the anomalous flux ratios between the quasar images. Oguri et al. (2008) pointed out that observed optical flux ratios of the three quasar images (named image A, B, and C) are markedly different from what simple mass models predict. Kratzer et al. (2011) found that the anomalous flux ratio persists in the radio image for which the effects of differential dust extinction and microlensing by stars are less important. In particular, there is a large flux difference between the close quasar image pair near a fold caustic (images B and C), which implies that a large part of the flux anomaly is caused by (sub-)structure in the mass distribution of the lensing cluster (Kratzer et al. 2011) . However, there is a clear wavelength dependence to the optical flux ratios (Oguri et al. 2008) , which indicates that chromatic microlensing or dust extinction must also affect the third quasar image especially in optical.
In this paper, we present results from Chandra observations of this unique cluster-scale quasar lens. We successfully detected X-ray emission from both the lensing cluster and the three quasar images, which are discussed in §3 and §4, respectively. We compare our results with observations at other wavelengths, as well as strong lensing information from the quasar images. Throughout the paper we adopt a cosmological model with matter density Ω M = 0.27, cosmological constant Ω Λ = 0.73, and Hubble constant H 0 = 70 km s −1 Mpc −1 .
At the cluster redshift of z = 0.584, 1 ′′ corresponds to 6.69 kpc. Unless otherwise specified, quoted errors indicate the 90% confidence range.
Observations
SDSS J1029+2623 was observed for 60 ks with the Chandra Advanced CCD Imaging Spectrometer (ACIS; Garmire et al. 2003 . The data were obtained with the ACIS S3 CCD operating in VFAINT mode. ACIS-S was chosen because it has higher sensitivity than ACIS-I and that the cluster emission is expected to be soft due to the high redshift of the system. This CCD has a 1024 × 1024 pixel format with an image scale of 0. ′′ 492 pixel −1 . The target was offset from the nominal aim point with a Y-offset of −1 ′ , which has little effect on the spatial resolution. The CCD temperature during the observations was −120
• C. The data were processed using the standard software packages CIAO 4.3 and CALDB 4.4.1. The background was stable during the observation and the net exposure time after applying standard light-curve screening cuts was 55815 s.
The ACIS image in the 0.5-7 keV band is shown in Figure 1 . The extended cluster emission and the three images of SDSS J1029+2623 are all detected. The astrometry offset is found to be negligibly small (0. ′′ 2) from the comparison of quasar A position with the optical image. The cluster emission exhibits a somewhat elongated feature, which we will study in detail in §3.2. In the ACIS-S3 field, 42 point-like sources, including the three quasar images, were detected with the wavdetect algorithm using a significance threshold parameter 1 of 10 −6 .
Lensing cluster

Spectral analysis
We derive the spectrum of the cluster component by extracting the data from a circular region with a radius of 1 ′ centered on the X-ray centroid, which is chosen so as to enclose about 90% of source photons and to avoid low signal-to-noise regions in the outskirts. We exclude 5 ′′ radius regions around each quasar image. The background was estimated in a surrounding annulus (2. ′ 2 < r < 2. ′ 5), rather than using blank-sky observations because the background intensity generally depends on the direction of the sky and time. The 0.5-7 keV source count rate within r < 1 ′ is 0.068 ± 0.001 counts s −1 , after the background subtraction. In total, there are ∼4800 net photons, whereas the background contribution to the total spectrum is about 20%. We fit the cluster spectrum in the 0.5-7 keV band with the APEC thin-thermal plasma model (Smith et al. 2001) utilizing XSPEC version 12.6.0q.
The spectral data was rebinned so that each bin contains more than 25 counts and the chi-square statistics was utilized in the fitting. The Galactic hydrogen column density was fixed to N H = 1.67 × 10 20 cm −2 based on the LAB survey (Kalberla et al. 2005) . Given the good agreement between the X-ray emission centroid and the position of G2 galaxy (see below), we set the cluster redshift to that of G2 (z = 0.584; Oguri et al. 2008 ). We note that, when the hydrogen column density or the cluster redshift is not fixed but is fitted to the spectrum, the resulting values are consistent with those adopted here.
The cluster spectrum is shown in Figure 2 . From the spectral fits the X-ray temperature is constrained to be kT = 8.1
+2.0 −1.2 keV and the metal abundance to be Z = 0.21Z ⊙ (the 90% upper limit is 0.44Z ⊙ ). This high temperature indicates that the lensing cluster is indeed massive enough to be capable of producing the large-separation lensed quasar images (see also §3.3). The reduced chi-square of the best-fit model is χ 2 /dof = 138/139, and the parameters of the fit are summarized in Table 1 .
The absorption-corrected 0.5-7 keV flux is 4.6 × 10 −13 erg s −1 (r < 1 ′ ). The bolometric X-ray luminosity within r 500 is estimated as L X = 9.6 × 10 44 erg s −1 , where r 500 is defined as the radius within which the average matter density is equal to ∆ c = 500 times the critical density of the Universe at the cluster redshift. The β-model analysis in §3.2 yields r 500 = 1.09 Mpc. This luminosity is lower than the mean value expected from the luminosity-temperature relation of distant clusters, L X = 4.0 × 10 45 erg s −1 (Ota et al. 2006a ), but it is within the observed scatter of the L X − T relation.
To investigate the radial temperature profile, we also analyze spectra for the inner r < 0. ′ 25(∼ 100 kpc) region and the outer 0. ′ 25 < r < 1 ′ region of the lensing cluster.
The fitted temperatures are kT = 9.8 +3.7 −2.1 keV and 6.8 +1.7 −1.2 keV, respectively. While the temperature profile is consistent with being constant with radius, the possible decrease of the temperature toward large radii implies that the lensing cluster lacks a cool core that is commonly seen in relaxed clusters (Arnaud et al. 2010) , although there is a possibility that a subpeak discussed in §3.2 is in fact a cool core of this cluster. We first fit a single one-dimensional radial surface-brightness profile to the extended X-ray emission. We centered the model at the X-ray centroid and azimuthally averaged the 0.5-5 keV image. We exclude > 5 keV because the significance of X-ray emission above 5 keV is low (see Figure 2) . We corrected for vignetting and the detector response using the exposure map calculated for the spectral energy distribution of the cluster. The image was rebinned by a factor of two so that the pixel scale is 0.
Image analysis
′′ 98 (6.58 kpc at the cluster redshift).
The quasar images were masked out using a 5 ′′ radius when calculating the profile.
We fit the radial profile with the following two models: (1) a conventional β-model
−3β+1/2 , and (2) a profile derived from the universal mass profile proposed by Navarro et al. (1997) plus isothermality of the cluster (equations 29-32 in Suto et al. 1998 , hereafter NFW-SSM). The background level, which was assumed to be a constant, is simultaneously fit. As illustrated in Figure 3 , we find that both models can fit the observed radial profile reasonably well, with reduced chi-square values of (Suto et al. 1998 ).
In the β-model, the central electron density is n e0 = (1.5 ± 0.1) × 10 −2 cm −3 . This implies a radiative cooling time at the cluster center of t cool = 5.8
Here n e0 and t cool are derived following basically the same way described in §5.2.1 of . The cooling time is shorter than the Hubble time but comparable to the age of the Universe at the cluster redshift, t age = 8.2 Gyr. Therefore, radiative cooling should not be important in the cluster core region.
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The Chandra image suggests that the cluster emission is elongated along the East-West direction. Moreover, there is another emission peak about 10 ′′ North-West of the cluster centroid ( Fig. 1 ). These motivate us to explore the X-ray surface brightness with twodimensional models, adopting both the single-and double-component elliptical β-models.
The elliptical β-model 2 is defined by
where r c is the core radius, x 0 and y 0 define the cluster center, ǫ is the ellipticity, θ is the position angle, S 0 is the amplitude at the center. The background level per image pixel was fixed to the value obtained from the one-dimensional analysis,
We first fit a single-component elliptical β-model. The maximum-likelihood fit was performed with Sherpa, where the exposure map was included to convolve the model image with the telescope and detector responses. We find that the fit residuals show significant excess emission in the North-West region, as shown in Fig. 4 . The parameters and results for the single-component model are summarized in Table 3 .
We next consider a two-component model in order to determine the X-ray emission profile of the ICM more precisely. The model consists of two elliptical β-models, one centered on the cluster and the other on the North-West component, plus the constant background. For the North-West component, the parameter β 2 and position angle θ 2 were fixed to 0.7 and 0, respectively, due to the limited photon statistics. The results from fitting the central 3. ′ 3 × 3. ′ 3 region are shown in Table 3 and Figure 5 . In order to check the goodness of the fit, we re-binned the image into two single-dimensional profiles in the Right Ascension and Declination directions ( Note that there appears to be no optical counterpart for the NW peak at (10:29:11.9, +26:23:37.4). For the APEC model, the X-ray spectrum extracted from r < 5 ′′ around the NW peak with subtracted background from the surrounding 5 ′′ < r < 10 ′′ region yields kT = 3.8(> 1.7) keV and an unabsorbed bolometric luminosity of 1.5 × 10 43 erg s −1 . These parameters are reminiscent of the emission peak detected in the line-of-sight merging system CL0024+17 ). In addition, there is a possible jump in the X-ray surface brightness distribution near the NW peak (Fig. 1 ). This might be the signature that the NW component is in the process of merging with the main cluster or has recently undergone a merger. These observed features suggest that the NW peak may be a remnant of a merging core or a contact discontinuity so-called cold front (Markevitch et al. 2000; Owers et al. 2009 ), although the limited photon statistics 3 prevent a more detailed exploration.
Cluster mass distribution
Under the assumption of hydrostatic equilibrium and spherical symmetry, we can infer the mass distribution of the lensing cluster from the X-ray temperature and surface-brightness profiles. We assume isothermality because we did not detect a significant radial dependence of the X-ray temperature. Figure 6 shows the cylindrical cluster mass projected within a radius r derived from each surface mass distribution profile. We find that both models yield consistent mass profiles within the measurement errors. −0.58 . However, these values should be taken with caution because they rely on the extrapolation of the profiles well beyond the radii where X-ray properties are measured. For comparison with other mass measurements, it may be better to use masses defined for larger critical overdensities ∆ c . In Table 4 we summarize the mass and radius estimated for the virial overdensity and overdensities of ∆ c = 500, 1000, and 2500, for both the β-model and the NFW-SSM model. The result indicates that only r 2500 is smaller than the extent of the X-ray emission, r X , presented in §3.2. This means that the results for the other overdensities rely on the extrapolation of the data.
Next we compare the mass distribution derived from the X-ray analysis with those from strong lens models. An issue for strong lens modeling for this cluster has been the uncertainty of the mass centroid, because the naked cusp configuration poorly constrains the center of the mass distribution Oguri et al. 2008) . Given that the measurement of the X-ray centroid agrees well with the location of one of the brightest cluster galaxies (galaxy G2), it is reasonable to assume that the centroid coincides with galaxy G2, because if the cluster gas is significantly segregated from the dark matter distribution due to merging (e.g., Markevitch et al. 2004; Bradač et al. 2008 ) then there should be no correlation between X-ray centroids and bright galaxies that trace the dark matter distribution. We fit the positions of the three quasar images assuming an NFW profile plus external shear model using the software glafic (Oguri 2010) . We find that the best-fit model predicts the Einstein radius of θ E = 18.
′′ 3 for the source redshift of z s = 2.197.
This translates into a cylindrical cluster mass of M 2D (< 122kpc) = 9.30 × 10 13 M ⊙ , which is in good agreement with the enclosed mass derived from the X-ray data (see Figure 6 ).
The rough agreement between lensing and X-ray masses implies that the effect of the line-of-sight elongation of the cluster mass distribution is not significant, despite the fact that possible merging along the line-of-sight suggests a large projection effect. On the other hand, at larger radii (r ∼ 0.5 Mpc), the X-ray mass is found to be significantly larger than the lensing mass derived from a recent lensing analysis of Hubble Space Telescope (HST) data (Oguri et al. in prep.) . The mass discrepancy is ascribed to a temperature enhancement due to shock heating during a merger, which might lead to the overestimate of X-ray mass near the Einstein radius. See Oguri et al. in prep. for further discussion.
Quasar images
X-ray properties
Given the small 1. ′′ 8 image separation of images B and C (see Figure 7) , we measure the X-ray fluxes and spectra of the quasar images using a circular aperture with a radius of 0. ′′ 9 for all the quasar images. The observed counts in the 0.5-7 keV band are 687, 1073, and 295, for images A-C, respectively. The net contamination from the background and the cluster is estimated to be only a few percent. Similarly the contamination from image B in the extraction radius for image C is estimated to be ∼ 10 counts, which is smaller than the 1σ statistical error of the flux of image C. We do not find any clear sign of time variability The combined spectrum of the three lensed images A, B, and C is shown in the left panel of Figure 8 . We fit the spectrum with a power-law model. The Galactic absorption is again fixed at N H = 1.67 × 10 20 cm −2 . We do not find significant intrinsic absorption in the total spectrum. The power-law model is acceptable at the 90% confidence level (χ 2 /dof = 57.1/63) and the power-law index of Γ = 1.55 ± 0.06 agrees well with the mean value for mini-BAL quasars observed with Chandra (Gibson et al. 2009 ). The corresponding total luminosity is 5.3 × 10 45 ergs s −1 in the 2-10 keV band. We do not detect any significant emission from the neutral iron Kα line at 2.0 keV in the observed frame (or 6.4 keV in the rest frame). The 90% upper limit on the equivalent width is EW < 170 eV in the quasar rest frame for a power-law combined with a Gaussian line model at 2 keV.
Next we study the spectra of the individual quasar images. We first check the hardness ratios defined by the count rate ratio in the 2-7 keV and 0.5-2 keV bands. The spectral shape of image C differs from A and B because the hardness ratio for image C (0.48 ± 0.06) differs from those of images A (0.37 ± 0.03) and B (0.36 ± 0.02). Indeed, the spectra of images A-C plotted in the right panel of Figure 8 clearly indicate that the emission of image C is heavily absorbed in the soft band. To quantify this, we fit the spectrum with a power-law model absorbed by intervening cold material in addition to the Galactic interstellar medium. Since the location of the cold absorber is not known, we consider cases with the absorber located at either the quasar redshift of z s = 2.197 or at the lens redshift of z l = 0.584.
The result of the power-law plus the absorption model fits are summarized in Table 5 .
While the inclusion of the additional absorption does not improve the best-fit χ 2 value for images A and B, the fits to image C are significantly improved by including the absorption.
We find that the improvement is significant at the > 99.98% confidence level according to the F-test (∆χ 2 = 11 for one additional parameter), although the redshift of the absorber is not constrained. While the power-law model without the additional absorption for image C appears to be acceptable in the sense that the reduced χ 2 is very close to 1, the resulting power-law slope of Γ = 1.21 is siginificantly smaller compared with the best-fit slope of Γ ∼ 1.6 for images A and B. When Γ is fixed to 1.55, which is the best-fit slope for the total quasar spectrum, the reduced χ 2 for image C is χ 2 /dof=39.5/26 without the additional absorption, indicating that the fit is not acceptable at 90% confidence level. We also tried a simultaneous fit to the three spectra with a common intrinsic spectral index Γ, because the intrinsic photon indices are statistically consistent among the three images. The result shown in Table 6 again indicates that the extra absorption is significant only for image C.
Comparison with optical and radio flux ratios
In Table 7 , we compare flux ratios between quasar images measured in the Chandra X-ray images with radio and optical flux ratios presented in Kratzer et al. (2011) . We find that the absorption corrected flux ratio C/B in the X-ray is larger than the optical flux ratios and is close to the radio flux ratio.
The origin of the absorption may be inferred from the dust-to-gas ratio. Based on the optical spectra of images B and C in Oguri et al. (2008) , we estimated a color excess of E(B − V ) ≃ 0.07 for absorption at z s = 2.197 and E(B − V ) ≃ 0.17 for absorption at z l = 0.584. These imply dust-to-gas ratios of E(B − V )/N H ≃ 2 × 10 −24 mag cm 2 atom −1 and E(B − V )/N H ≃ 3 × 10 −23 mag cm 2 atom −1 at the source and lens redshifts, respectively. The higher value found for dust in the lens is broadly consistent with measurements for other lens systems (Dai & Kochanek 2009 ), while the value for dust at the source redshift is much lower than expected from this observed correlation. However, such low dust-to-gas ratios appear to be common for intrinsic absorption features of quasars caused by quasar outflow (Hall et al. 2006) , which can be explained by dust evaporation due to irradiation by the central source. Thus we cannot draw any firm conclusion about the origin of the absorption from this analysis. Both the mini-BAL features in the quasar spectrum (see Oguri et al. 2008) , which assures the present of outflows in the sightline of this quasar, and the deficiency of dust in the intracluster medium particularly near the center (Chelouche et al. 2007; Muller et al. 2008; Bovy et al. 2008; Kitayama et al. 2009 ) suggest that intrinsic absorption at the quasar redshift is the more likely scenario, although the anomalous flux ratios imply a faint galaxy near image C which might host the dust at the lens redshift. Indeed, a probable galaxy has recently been identified in the vicinity of image C in the HST image (Oguri et al. in prep.) , which might cause the extra absorption detected in image C. If the former interpretation is correct, the different absorptions between image B and C probe spatial variations of the absorption content, possibly related to the structure of disk wind outflows (Green 2006) .
We note that the optical C/B flux ratio becomes C/B ∼ 0.4 once the dust extinction is corrected (see below), which is also consistent with the radio and absorption-corrected X-ray flux ratios. The nearly consistent flux ratios between the radio, optical, and X-ray observations imply that microlensing effect is not significant for this system, particularly because X-ray flux ratios are more easily affected by microlensing (e.g., Ota et al. 2006b; Pooley et al. 2007; Dai et al. 2010 ).
Summary and Discussions
We have presented results from Chandra observations of SDSS J1029+2623, the largest-separation gravitational lens system, produced by a cluster of galaxies at z = 0.58.
We detect significant X-ray emission from the lensing cluster as well as three lensed quasar images.
From the extended cluster emission, the X-ray temperature and bolometric luminosity are constrained to be kT = 8.1
.2 keV and L X = 9.6 × 10 44 erg s −1 . The luminosity is lower than the mean value expected from the luminosity-temperature relation of distant clusters, but it is within the observed scatter of the relation. While the estimated cooling time is shorter than the Hubble time, the lack of a significant temperature drop at the cluster center suggests that radiative cooling is not important in this system. From the image analysis, we have found that the cluster emission is elongated along the East-West direction and has a subpeak in the North-West region. This indicates that the system has undergone a merger. However, the modest ellipticity of the gas distribution found in the main cluster component indicates that the irregularity of mass distribution may not be large. We have reconstructed the mass profile of the lensing cluster, assuming isothermality and hydrostatic equilibrium to find that the X-ray mass within the Einstein radius or ∼ 120 kpc is in a good agreement with that expected from the strong lensing. The agreement seems to imply that there is not any significant departure from the equilibrium state in the cluster core, and that the line-of-sight elongation of this cluster may not be so large. On the other hand, the mass discrepancy between the X-ray and lensing measurements was found at larger radii, indicating a complex nature of the mass distribution of this system (Oguri et al. in prep.) .
The X-ray spectra of the three quasar images above 2 keV are well represented by a power-law with a photon index of Γ ∼ 1.55 that is typical of mini-BAL quasars. However, significant soft X-ray absorption due to the cold material is detected only in image C. After correcting for the X-ray absorption, the X-ray flux ratios between the quasar images are roughly consistent with those in optical and radio, which suggests that microlensing is not significant for this system. This indicates that the flux ratio anomaly seen in this lens system has to be due to substructure (see, e.g., Kochanek & Dalal 2004) . It is difficult to distinguish the possibilities between absorbers at the quasar redshift and at the cluster redshifts from the X-ray spectrum or the dust-to-gas ratio. 
kT ( b Galactic absorption-corrected X-ray flux in the 0.5-7 keV band within r < 1 ′ .
c Galactic absorption-corrected X-ray luminosity in the 0.5-7 keV band within r < 1 ′ .
d Bolometric luminosity within r 500 .
(F) Fixed parameters. Table 7 . X-ray and optical properties of SDSS J1029+2623 b The value in the parenthesis are those without absorption corrections.
c Hardness ratios defined by the count rate ratios in 2 − 7 keV and 0.5 − 2 keV bands. Errors indicate 68% confidence limits.
d Flux normalized by the flux of image B. The optical and radio flux ratios are taken from Kratzer et al. (2011) . Statistical errors on the optical flux ratios are 2% (Oguri et al. 2008 ).
e The optical C/B flux ratio becomes C/B ∼ 0.4 once the dust extinction is corrected. Spectra of lensed quasar images A (black), B (red), and C (green) fit with a common intrinsic slope Γ. In each top panel, the crosses denote the spectrum in the observed frame.
